A key challenge in phosphoproteomic studies is to distinguish functionally relevant phosphorylation sites from potentially "silent" phosphorylation. Considering that relevant phosphorylation sites are expected to be better conserved during evolution than overall Serine, Threonine, and Tyrosine (S/T/Y) residues, we asked whether this can be directly demonstrated through statistic analysis, using a large experimental dataset. Results: Analyzing phosphoproteomic data derived from the human mitotic spindle apparatus, we found that 95.2 % of 1744 phosphorylation sites are conserved in at least one of six other vertebrate species. Using a new score, termed CZ-Score, we demonstrate that phosphorylation sites are significantly better conserved than other S/T/Y sites, a conclusion validated from several kinase consensus motifs. Most importantly, phosphorylation sites with experimentally verified biological functions were significantly better conserved than other phosphorylation sites, indicating that analysis utilizing evolutionary conservation may constitute a powerful basis for the development of improved phosphorylation site predictors.
INTRODUCTION
Phosphorylation plays essential roles in nearly every cellular process (Pawson and Scott, 2005) and this is reflected by the presence of some 510 protein kinases and 150 protein phosphatases encoded in the human genome (Manning, et al., 2002; Moorhead, et al., 2007; Park, et al., 2005) . Up to 40% of all proteins are thought to be regulated by phosphorylation at Serine, Threonine or Tyrosine (S/T/Y) residues (Kreegipuu, et al., 1999) . Phosphorylation events are frequently dependent on each other; for example, priming phosphorylation events may be necessary to target a certain protein for phosphorylation by another kinase (Elia, et al., 2003) and the activities of kinases are frequently regulated by phosphorylation from other kinases (Nolen, et al., 2004) . Furthermore, a single phosphorylation site may be targeted by several kinases and phosphatases. Thus, phosphorylation networks are highly complex and can not be treated as simple three-component systems of kinases, substrates, and phosphatases. Our knowledge about the function of protein regulation through phosphorylation has long been limited by experimental difficulties regarding detection. However, recently this has changed dramatically by the * To whom correspondence should be addressed. adaptation of mass-spectrometry based high throughput techniques for analysis of phosphorylation sites (Aebersold and Mann, 2003) .
Generally, techniques for the mapping of post-translational modifications are based on tandem mass spectrometry (MS/MS). This method, first introduced in the 1980s (Biemann, 1988) , has been further developed in proteomics for the analysis of complex mixtures, thus allowing the identification of proteins in complex samples (Aebersold and Goodlett, 2001) . For the largescale analysis of phosphorylation sites, phosphopeptides are usually enriched by specific binding of the negatively charged phosphate group to positively charged Immobilized Metal (iron or gallium) Affinity Chromatography (IMAC) (Andersson and Porath, 1986) or titanium dioxide (TiO2) (Larsen, et al., 2005; Pinkse, et al., 2004) resins. Alternatively, strong cation chromatography (SCX) may be used to enrich for phosphopeptides (Beausoleil, et al., 2004) .
As a consequence of the high interest in the elucidation of phosphorylation-based protein regulation and the improved analytical techniques, the number of identified phosphorylation sites has dramatically during the past few years and presently exceeds 10,000 sites (Beausoleil, et al., 2004; Nousiainen, et al., 2006; Olsen, et al., 2006) . However, the functional relevance of most of these modification sites remains elusive. For some proteins, dozens of phosphorylation sites have been detected (Molina, et al., 2007; Nousiainen, et al., 2006; Olsen, et al., 2006) , raising the question of whether all these phosphorylation sites relate to regulatory events. In fact, the possibility has long been considered that some phosphorylation sites may be "nonfunctional" (or "silent"), essentially representing "noise in the system" (Cohen, 1982) . Even though this question is difficult to answer definitively, because many phosphorylation sites may be functional only under specific, not readily analyzable conditions, the existence of "silent" phosphorylation events represents a serious possibility. Some support for this view comes from the observation that many experimentally determined phosphorylation sites are not well conserved across species. Functionally relevant sites would be expected to be highly conserved since their mutation (to non-phosphorylable amino acids) would constitute a handicap in evolutionary selection (Budovskaya, et al., 2005) . Therefore, the degree of conservation is a priori expected to reflect the functional relevance of any given phosphorylation site. This in turn raises the question of whether, and to what degree, experimentally identified phosphorylated sites can be demonstrated by statistical analysis to be better conserved than non-phosphorylated Serine, Threonine and Tyrosine residues. If so, the degree of conservation might be then used as a predictive tool to discriminate between sites with functional relevance and "silent" sites. Large-scale investigations on the conservation of experimentally detected phosphorylation sites, however, are scarce. Recently, a study focused mainly on structural aspects of phosphorylation sites came to the unexpected conclusion that these are not significantly better conserved than other Serine, Threonine and Tyrosine residues (Jimenez, et al., 2007) . In contrast, two other studies pointed to a higher conservation of phosphorylated residues Macek, et al., 2007) .
Here we present an in-depth conservation analysis performed on an extensive dataset of phosphorylation sites identified in mitotic spindles isolated from cultured human cells (Li, in preparation; Nousiainen, et al., 2006) . Importantly, this analysis includes a novel statistical approach. In particular, since sequences flanking the phosphorylated amino acid are known to play a key role in substrate recognition by kinases (Pinna and Ruzzene, 1996) , we have included consensus sequences for the calculation of conservation scores. Furthermore, we use a twostep alignment procedure and introduce the CZ-score which reflects the relative conservation of phosphorylation sites in a statistically sound manner. Thus, we are able to perform comparative conservation analyses in a quantitative manner and thereby prove a higher conservation of phosphorylation sites.
METHODS
As stated above, the phosphorylation sites found on proteins of the human mitotic spindle (Li, in preparation; Nousiainen, et al., 2006) formed the basis of our analysis. Before MS/MS, proteins were digested using proteases (e.g. trypsin), resulting in peptides, normally between 8 and 20 residues long. The fulllength protein sequence and the phosphorylated residue were then automatically assigned to the identified peptide by the MS/MS software Mascot (Perkins, et al., 1999) . As the automatic assignment of phosphorylated residues is not always perfect, phosphorylation sites were checked manually to ensure the correct position of the phosphorylated residue. Detailed methods regarding spindle isolation and mass spectrometry were published previously (Nousiainen, et al., 2006) .
Conservation of the human phosphorylation sites identified was analyzed in six other species, namely rat, mouse, cow, chicken, zebrafish and Xenopus (only vertebrate species were chosen to minimize ambiguity in the protein alignments). The sequence databases used were obtained freely, either via the International Protein Index (IPI) site (Kersey, et al., 2004) or directly via NCBI. The following IPI versions were used: Human v3.31, Rat v3.31, Mouse v3.31, Cow v3.17, Chicken v3.25 and Zebrafish v3.30. For the Xenopus proteome, the keywords "Xenopus laevis [organism]" were queried in the NCBI databases and all protein entries were retrieved. The following analysis of the data is heavily based on sequence comparison methods and statistical analysis tools.
BLAST
The Basic Local Analysis Search Tool (BLAST) (Altschul, et al., 1990) is probably the most widely used program in bioinformatics. In our analysis, we use the program for two distinct tasks.
First, a BLAST search was performed with the full-length human protein (as assigned by Mascot (Perkins, et al., 1999) , also see Methods section) against the proteome sequence database of the other organisms. In order to find conservation only in closely related proteins, we used standard BLAST parameters (e-value cutoff: 1e-5). The resulting proteins from the other organisms were used to build a novel database to produce the second, "local" alignment. In this local alignment, the peptide which was originally found by MS/MS was used to query against the database produced from the global alignment. BLAST parameters were changed accordingly to make an alignment for a "short" input sequence (e-value cutoff 100, wordsize 2, gap open -9, gap extend -1). A hit was deemed positive if the central phosphorylated residue from the original peptide was conserved. The alignment procedure is illustrated in Supplementary Figure S1.
Alignment Z-score
Z-Scores (also called standard scores) are well established statistical tools. They are calculated by subtracting the mean of a population from a score and then dividing the difference by the standard deviation of the population. Z represents the distance between the raw score and the population mean in units of the standard deviation. Z is negative when the raw score is below the mean, positive when above.
where x is the score to be standardized, µ is the population mean and σ is the standard deviation of the population.
Booth et al. (Booth, et al., 2004) have published a program that automatically calculates the Z-Score for any given alignment. It measures the distance (in standard deviations) between the given alignment and the mean value of all other alignments that can be obtained by permutation of either sequence. The Z-score obtained can then be used as a falsepositive filter to remove alignments which could have occurred by chance, and was thus used in our "local" alignment search, as described in the previous section. The local alignment was, therefore, significant, and not calculated by chance. In other publications (Bacro and Comet, 2001 ), a Z-score cutoff of 7 has been described as being very significant; and hence, this threshold was used for very significant alignments. Finally, another threshold of 4 was used to describe fairly significant alignments.
Conservation-Score (C-Score)
To compare the conservation of different phosphorylation sites, we developed a new score that reflects biologically meaningful way. Kinases interact with a recognition motif on the substrates that normally consists of 3-8 amino acids (Kobe, et al., 2005) , this motif should therefore also be reflected in the σ µ − = x Z ) 1 ( conservation score (C-score). To reflect the substrate binding properties of many kinases, we developed a position-specific scoring matrix (PSSM) that assigns scores to each position of the conserved peptide in the other species. Only peptides which were found below the e-value threshold of the local alignment and for which the central phosphorylated residue was found to be conserved in the local alignment procedure were taken into account.
Conserved residues at the +1, +2, +3, +4 and the -1,-2,-3 and -4 positions were assigned bonuses (see Fig. 1 ) when the amino acids were either identical or similar to the ones in the query. Similar residues were grouped as follows: R-K, D-E, V-A-L-I and F-Y-W. This approach is similar to the substitution matrix BLOSUM62, except amino acids were only deemed similar if they also had similar charge states. A penalty (score of -3) was given if a gap was opened in the alignment (see Equation 2).
where C represents the resulting C-score, and s represents the score at position i according to the PSSM described above. Penalties were not assigned to Serine-Threonine exchanges, as functional in vivo differences between Serine and Threonine phosphorylation have not been demonstrated so far. By virtue of comprising the PSSM, the C-score reflects the overall conservation of the phosphorylation site and its surrounding amino acid stretch. Importantly, it can be compared for each phosphorylated or non-phosphorylated S/T/Y residue.
Conservation Z-Score (CZ-Score)
Next, we aimed at assessing the relative conservation level of phosphorylation sites compared to non-phosphorylated S/T/Y residues of the same protein. To this end, we defined the CZscore which is based on the above described C-and Z-scores.
where CZ represents the resulting CZ-score for a specific S,T or Y residue, C represents the C-score to be normalized, C i represents the C-score of all of the respective amino acids (S,T, or Y) of the same protein, µ is the population mean, and σ is the standard deviation of the population. CZ scores were calculated for all phosphorylated and non-phosphorylated S/T/Y residues in our proteomics dataset based on the local alignments. The mean and standard deviations were calculated from the population of all C-scores corresponding to the selected residue, for example, if the residue was a Serine, the C-scores from all conserved Serines were taken into account. CZ-scores were then calculated separately for all conserved phosphorylated and nonphosphorylated sites and plotted as CZ-score distributions (see Results). By definition, the CZ-score distribution of all S/T/Y residues of each individual protein is centered on a CZ-score of 0, regardless of the level of conservation of this specific protein and the analyzed species. Hence, differences in the level of conservation of phosphorylated compared to nonphosphorylated S/T/Y residues can be detected at the level of individual proteins. Therefore the results take into consideration that phosphorylation at a site that is well conserved in a protein that is conserved almost perfectly is less significant than a phosphorylation site which itself is much better conserved than the overall protein conservation. Furthermore, by definition, CZscores of the closest homologue from different species are all centered on a CZ-score of 0, thus allowing for a direct comparison of these conservation scores from different species.
Regarding the set of non-phosphorylated S/T/Y residues used for comparison, one might be concerned that some of these residues constitute phosphorylation sites that escaped detection by mass spectrometry and potentially falsify the results. Therefore, the maximal error introduced by such missed phosphorylation sites was estimated. There are approximately 100,000 phosphorylation sites in the human proteome (Zhang, et al., 2002) , compared to 2,300,000 S/T/Y residues (IPI human database), therefore the error introduced by undetected phosphorylation sites cannot be significant (< 2.3 %), demonstrating the validity of our approach.
In summary, we conclude that using the Z-, C-and CZ-scores, we were able to assess the conservation of phosphorylated sites in a precise statistical way that up to now has not been presented.
RESULTS

Alignment statistics
Out of the 1,744 phosphorylation sites within the human mitotic phosphoproteome analyzed, 1,660 have been found to be conserved in at least one other species (rat, mouse, cow, chicken, zebrafish or Xenopus). In the remainder of the manuscript, a site is called "conserved", if it is conserved in at least one of the selected species analyzed. The conservation statistics of phosphorylation sites for each organism are shown in Table 1 , together with the conservation of the respective nonphosphorylated S/T/Y residues. As expected, the highest degree of conservation to the human phosphorylation sites was found in mouse and rat, with a very high percentage of conserved human phosphorylation sites. We first asked if the alignment approach was legitimate. The alignment Z-score shows whether the "local" alignment may be produced by chance or not, by applying a strict Z-score filtering, potential false-positive matches in the local alignment can be filtered out, thus eliminating matches which are not potentially related by evolution. 13 % of local alignments had a Z-score of 7 or above and thus can be considered as very significant, while 56 % of local alignments fell into the category of fairly significant alignments. Therefore we conclude that our alignment approach is legitimate. For the CZ-score distributions discussed below, only the alignments with a Z-score of 4 or above were considered, resulting in a number of 1,203 phosphorylated sites.
CZ-score distributions
As the CZ-Score is the most crucial parameter in our analysis, our highest priority was to investigate the relationship between phosphorylated residues and conserved non-phosphorylated S/T/Y residues in an alignment. First, a direct comparison between phosphorylated and non-phosphorylated residues was performed by binning the calculated CZ-scores (X-axis) and plotting them against the number of observations (Y-axis). This resulted in a distribution of all scores which is depicted in Fig. 2 . The CZ-scores from non-phosphorylated S/T/Y residues form a normal-like distribution with a maximum around the zero-point of the plot, as expected. However, the plotting of CZ-scores of phosphorylated residues results in an almost normal distribution with the maximum shifted to the right into the positive area of the plot. From these data we conclude that phosphorylated residues found by mass spectrometry analysis are significantly better conserved than non-phosphorylated S/T/Y amino acids. To test for statistical significance, a student's t-test (unpaired, two-tailed), as well as a Mann-Whitney U-test were performed. Both tests showed a significant difference in the two distributions (t-test: p=2.0*e-176, u-test: p=0.000158). Additionally, the median CZ-scores are -0.0893 for the nonphosphorylated and +0.1144 for the phosphorylated residues. Throughout this manuscript, a p-value < 0.001 will be considered significant.
In order to evaluate whether the observed higher conservation of phosphorylation sites is specific to our dataset or constitutes a general feature of phosphorylation sites, we calculated the CZscore distributions for three other combined phosphoproteome datasets (Rush, et al., 2005; Zheng, et al., 2005; Beausoleil, et al., 2004) . Again, the median CZ-score is clearly shifted towards higher conservation (median CZ-score +0.1436), suggesting that the better conservation of S/T/Y sites in the human spindle phosphoproteome is no exception, but represents a common trend. The difference between the mitotic dataset ( Figure 2B ) and the above mentioned datasets is not significant in terms of p-value (two-tailed t-test, p=0.0027, u-test: p=0.00561), although a slightly higher median of +0.1436 can be observed, possibly due to the composition of the other datasets.
We also asked whether there were differences between Serine, Threonine and Tyrosine (S/T/Y) residues. The distributions for S/T/Y sites can be seen in Supplementary Fig. S2 . A significant difference in the distribution cannot be observed, thus the conservation of S and T residues can be regarded as the same. The sample size for Tyrosine (Y) residues, however, was too small (15 Tyrosine phosphorylation sites) in this study to draw sound conclusions.
Next, we elucidated whether the CZ-score distributions are significantly influenced by the high frequency of Proline at the +1 position of phosphorylation sites. pSP and pTP sites are in fact the most common phosphorylation motifs in mitotic samples, often phosphorylated by cyclin dependent kinase 1 (Cdk1), one of the key regulators of mitosis. A Proline residue at the +1 position has the potential to initiate a structural change in the protein, often exerting a disruptive influence on secondary structure elements. For this reason, Prolines might be better conserved than other amino acids in the course of evolution and hence we considered the possibility that the C-score and CZscore calculations might be skewed by this sequence feature. Thus, we calculated the CZ-score distributions for pSP and pTP.
An increased degree of conservation of those sites compared to other motifs would result in a shift in the CZ-score to a different value. The PSSM was altered so that only a score of +5 was given for the +1 position if the residue was identical. Analyzing these results (data not shown), we did not notice a significant change in conservation, so we conclude that the high frequency of Prolines at the +1 position does not bias our approach.
Kinase Consensus Patterns
For most kinases, a kinase consensus motif can be defined. Adequate motifs are available for the most important mitotic kinases, namely Cdk1 (cyclin-dependent kinase 1), Plk1 (pololike kinase 1), Aurora A and Aurora B. In addition to the analysis of the overall conservation, we analyzed the conservation of the subsets of phosphorylation sites carrying the corresponding consensus motifs. The motifs used in our search are summarized in Supplementary Table 1 . As kinase consensus motifs can usually not be determined unambiguously, we chose to search with motifs using both "loose" and "strict" definitions. A "strict" motif covers a larger sequence area, thus being more restrictive in the search. Interestingly, there was no visible difference in the CZ-score distributions between the loose and the strict motifs (data not shown). For Plk1, Aurora Kinase and Cdk1, we found that the vast majority of kinase phosphorylation patterns are conserved as well. Furthermore, the Polobox Binding Motif (Lowery, et al., 2004 ) exhibits a high degree of conservation. This polo-like kinase specific domain facilitates interactions with phospho-epitopes, many of which are created by Cdk1, and targets Plk1 to substrates. An overview of the results of the conserved kinase consensus patterns is shown in Table 2 .
Additionally we plotted the CZ-Score distributions calculated for conserved phosphorylation sites for the abovementioned kinase consensus patterns. These can be seen in Supplementary  Fig. S3 . Since there are no obvious differences in the distributions, we thus conclude that all kinase consensus patterns behave the same. Note that in this analysis only conserved kinase consensus patterns have been taken into account.
CZ score distributions in different organisms
To extend our analysis of phosphorylation sites, we calculated the CZ-scores separately for the selected organisms in comparison to human. We would expect that closely related organisms show a more positive CZ-score distribution than more distantly related species, due to a better conservation of phosphorylation-mediated regulation. Indeed, the maxima of the CZ-values for zebrafish and also (to a lesser extent) for Xenopus and chicken were found to be clearly shifted towards the zerovalue in comparison to the maxima of the mammalian CZvalues. Fig. 3 shows a comparison between zebrafish and rat. The median CZ-scores for rat, chicken, zebrafish, and Xenopus are +0.130 (similar values for cow and mouse), +0.097, +0.078, and +0.075, respectively. Therefore, it seems reasonable to conclude that the conservation of most mitotic regulation mechanisms in mammals results in a higher conservation of phosphorylation sites.
Validating the PSSM
Even though the PSSM adequately reflects the consensus patterns for many kinases, it can not be equally well adapted to all different kinase specificities. Therefore, we asked to what extent the CZ-score distributions are qualitatively effected by alterations of the PSSM. To this end, we calculated CZ-scores for an inverse PSSM, defined by higher scores given to the "outer" residues and lower scores to the "inner" ones. As expected (see Supplementary Fig. S4 ), the maximum of the CZscore distribution is shifted slightly in comparison to the data obtained using the original PSSM (Fig. 2) , but the overall picture remains the same. The non-phosphorylated S/T-residues show a normal distribution whereas the phosphorylated ones are still clearly shifted towards positive CZ values (median CZscore phosphorylated +0.110, median CZ-score nonphosphorylated: -0.048. t-test: p=1.1*e-41, u-test: p=4.6*e-6). Hence, we can conclude that the PSSM does not bias the CZscore distribution and that the CZ-score distribution is quite robust, regardless of the specific PSSM used for analysis.
Biological significance
Using high-throughput techniques, a large number of phosphorylation sites can be identified in a relatively short time. However, in most instances the biological function of the majority of these sites remains unclear. To test whether our approach can detect statistical differences in conservation between functionally validated phosphorylation sites and other phosphorylation sites, we derived a dataset comprising 139 functionally relevant phosphorylation sites from our laboratory and the PhosphoELM database (Diella, et al., 2004) . We then compared the CZ-scores of these functionally verified sites to those from largely uncharacterized mass spectrometry-derived phosphorylation sites. Remarkably, the sites with established functional significance are clearly shifted towards higher CZscores ( Fig. 4) , resulting in median CZ-scores for the biologically significant sites of +0.1803, as compared to +0.1143 for all phosphorylated residues. These differences were statistically significant, as demonstrated by both t-test and Mann-Whitney U-test analyses (t-test: p=6.4*e-5, U-test: p=1.5*e-6). We conclude from these data that biologically significant residues are indeed better conserved than other sites, and that this can be demonstrated in a statistically sound manner.
The above conclusion implies that datasets of experimentally determined phosphorylation sites almost certainly contain a significant fraction of "silent" sites. If one considers the dataset analyzed here as a mixture of biologically significant and nonsignificant sites, the determined CZ-score distributions enable a rough estimate of the ratio of significant sites. Specifically, a combination of approximately 63% of biologically significant sites with 37 % of "silent" sites would yield the calculated CZ score median (see Supplementary Methods and Discussion).
DISCUSSION
We have presented an approach to efficiently assess and evaluate the conservation of phosphorylation sites from human mitotic spindle proteins and shown that these are considerably better conserved than non-phosphorylated S/T/Y residues. This is contradictory to the conclusion of Jimenez et al. (Jimenez, et al., 2007) concerning the conservation of phosphorylation sites from mouse and human. However, this former study was mainly focused on structural aspects and did not include an analysis of the conservation of sequences flanking the phosphorylated residue (reflecting kinase consensus patterns). Differences may therefore be explained by our improved sequence alignment methods and the use of the PSSM. Our findings are in agreement with recent publications on bacterial and eukaryotic phosphoproteomes. Using a different dataset and statistical approach, the authors report that both phosphorylated proteins and phosphorylated residues of several species are better conserved than non-phosphorylated proteins/residues. The observation that phosphorylation sites are, on average, better conserved than non-phosphorylated Serine, Threonine, and Tyrosine residues, has also important implications for future research. In particular, our study suggests that a conservation analysis may improve the quality of existing phosphorylation site prediction algorithms. In addition, assuming that one can define PSSMs for additional kinase consensus motives, it may become possible to investigate the behavior of many more kinases in comparison to the overall kinome.
Interestingly, our results also suggest that "biologically significant" phosphorylation sites may be more conserved than uncharacterized ones. Taking advantage of the distinct CZ score distributions of biologically significant and experimentally determined phosphorylation sites we propose a strategy to estimate the proportion of biologically functional phosphorylation sites in phosphoproteomes. As the nonfunctionality of specific phosphorylation sites can not be proven experimentally (because it can never be excluded that sites may be functional under conditions other than those tested), indirect approaches, such as the one proposed here, may be the only means to address how many of the observed phosphorylation sites constitute non-functional "noise" due to limited substrate specificities of kinases.
The precision of this strategy may currently still be limited by the relatively low number of high-quality functional in-vivo studies of phosphorylation sites. Moreover, the PhosphoELM database used as a dataset for relevant phosphorylation sites in this study might still be "contaminated" by non-significant sites. Finally, experimentalists may preferentially select well conserved phosphorylation sites for functional biological analyses thus biasing the statistical dataset. However, due to the central biological role of phosphorylation based signaling, the knowledge on biological functionalities of individual phosphorylation sites is increasing rapidly, and so we believe that the precision of our proposed strategy can be strongly improved in future studies.
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Fig. 3 -Distributions of CZ-scores for zebrafish and rat representing the highest and lowest CZ-score distributionmaxima.
The CZ score distribution for rat is shifted to positive values compared to zebrafish. Table 2 : Percentages of conserved phosphorylation sites for selected kinase consensus patterns, and given for loose and strict consensus motives. Only conserved phosphorylated residues are taken into account.
